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ABSTRACT 
Seed germination is a critical event in the success of any weed species. However, 
germination of weed seeds is conditioned by the presence of dormancy. Dormancy is 
controlled by genes as influenced by seed developmental processes and by environmental 
factors. We studied how chilling (12 weeks at 4 C and wet conditions), temperature, 
temperature fluctuation, and light quality affect the seed dormancy of common waterhemp 
(Amaranthus tuberculatus (Moq.) J.D. Sauer. synonymous A. r-udis J.D. Sauer), giant foxtail 
(Setaria faberi Hemn.) and velvetleaf (Abutilon theophrasti Medicus). Also we studied how 
temperature requirements for seed germination can be used for analyzing seedling emergence 
in artificial and natural seed banks. Chilling did not affect the dormancy level of giant foxtail 
or velvetleaf seeds. However, common waterhemp seeds reduced dormancy level after 
chilling and were more responsive to temperature fluctuation and light exposure. Only 
common waterhemp germination was promoted by exposure to red light (660nm). There was 
a positive relationship between the amplitude of temperature fluctuation and common 
waterhemp and giant foxtail germination. Common waterhemp seeds also increased 
germination rate with increasing amplitude of temperature fluctuation. Temperature 
requirements for germination cannot alone be used to describe weed emergence in the field. 
Artificial seed banks showed different emergence patterns of the weed species studied 
compared to the natural seed banks. The large differences between seed banks were due to 
soil physical characteristics and seed dormancy level. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Seed dormancy is one of the most important characteristics for the survival of wild 
plant species including weeds. Dormancy allows the persistence of seeds within the seed 
bank for several years by reducing and arresting the metabolism of the seed such that 
germination is prevented even under optimum conditions (Villiers 1972; Knapp 2000). 
Although dormancy is a common trait in most non-domesticated plant species, each species 
has different requirements for breaking dormancy and promoting germination, and those 
differences axe related to the dormancy level of the seed (Knapp 2000). It is worth noting that 
not only the dormancy level of the seeds varies among species, but also seeds from the same 
plant have different dormancy levels (Dekker et al. 1996; Tieu et al. 2001). How different 
dormancy levels among related species or seeds from the same plant are established is not 
well understood. 
Hormonal Control of Seed Dormancy 
It is well known that for many species, dormancy is regulated by hormonal balance. 
Abscisic acid (ABA) and gibberellic acid (GA) are considered the most important hormones 
for the regulation of dormancy and germination of seeds (Ritchie and Gilroy 1998; Gosti et 
al. 1999; Rohde et al. 2000). Nevertheless, other hormones such as ethylene and 
brasinosteroids have been associated with dormancy regulation (Karssen et al. 1989; Saini et 
al. 1989; Vieira and Barros 1994; Kepczynski et al. 1996; Ghassemian et al. 2000; Mantilla 
2000; Steber and Mc~ourt 2001). ABA promotes dormancy by repressing embryo growth 
2 
(Pritchard et al. 2002). The importance of ABA in primary dormancy has been well 
documented. However, it is believed that ABA is not important in secondary dormancy 
(Bewley 1997). GA promotes germination through complex mechanisms not completely 
understood. In Arabidopsis, GA maybe responsible for weakening the testa or seed coat, thus 
promoting embryo growth (Debeauj on and Koornneef 2000). Also, GA regulates the 
expression of genes like GAMyb that are involved in the induction of a-amylase synthesis 
during germination (Gubler et al. 1995). In a recent study using proteomics analysis and 
Arabidopsis GA deficient mutants, it was demonstrated that GA only promotes the synthesis 
of proteins after germination sensu stricto has occurred, which indicated that GA does not 
break physiological dormancy. 
Environmental Factors Affecting Seed Dormancy 
Environmental signals are able to affect seed development and break dormancy if the 
conditions are suitable for germination and seedling establishment. Water, oxygen, light and 
temperature are able to trigger germination, or induce dormancy, depending on the species. 
Fluctuations, extreme levels, and duration of exposure are characteristics of those factors that 
allow seeds to "sense" whether or not the conditions are appropriate for germination (Baskin 
and Baskin 1998). 
Light 
The effects of light on dormancy and germination have been studied extensively 
(Casal and Sanchez 1998). Light responses are mediated by phytochromes (phy), specifically 
by phy A, B, C, D, and E. The transduction of the light signal has been widely studied in the 
case of phy B. After a pulse of red light of 660 nm (R), phy B stimulated the germination of 
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Arabidopsis and lettuce (Lactuca sativa L.) by inducing the expression of genes that encoded 
3~i-hydroxylases. These enzymes were responsible for the synthesis of bioactive GA in 
imbibed seeds. That induction was reversed if a pulse of far-red light of 730 nm (FR) was 
applied, such that the 3(3-hydroxylases levels decreased (Toyomasu et al. 1998; Yamaguchi et 
al. 1998). Studies conducted on poplar (Populus sp.) using cell cycle-specific genes as 
markers showed that light and temperature had profound effects on bud dormancy regulation 
(Rohde et al. 1996). Although light exposure is very important for germination of some 
species, other factors such as temperature can overcome light requirements (Debeaujon and 
Koornneef 2000). 
Temperature 
For many species, the optimum range of temperature for germination has been 
studied, but the same has not been done for the temperature requirements for breaking 
dormancy (Baskin and Baskin 1998). It is known that low or very high temperatures can 
break dormancy for summer and winter annuals, respectively (Allen and Meyer 1998; 
Forcella et al. 2000). However, the exact mechanism as to how temperature acts on signal 
induction is unknown. Chilling promoted the germination of GA-insensitive (gai) 
Arabidopsis mutants suggesting that GA is not required for chilling-induced breaking of 
dormancy (Derkx et al. 1994). Debeaujon and Koornneef (2000) concluded for Arabidopsis 
seeds that chilling, as well as light, has independent effects on GA biosynthesis and possibly 
on ABA. They observed that wild type Arabidopsis required light for germination, but light 
did not break dormancy completely. On the other hand, chilling promoted 100% germination 
of the wild type regardless of light exposure. Moreover, Jarvis et al. (1997) found evidence 
suggesting that cold and wet conditions broke the dormancy of Douglas fir (Pseudotsuga 
menzieesii (Mirb.) Franco) seeds. They proposed that those treatments increased the 
expression of late embryogenesis-abundant (LEA) genes, and that was related to chilling and 
moisture. In a more recent study, it was observed that chilling Douglas fir seeds not only 
decreased the ABA content but also reduced the sensitivity of the seed to exogenous ABA 
(Corbineau et al. 2002). 
In yellow cedar (Chamaecyparis nootkatensis [D. Don] Spach} seeds, chilling 
promoted pectin methyl esterase (PME) activity, and the increased activity was correlated 
with dormancy breaking. Also, the PME activity was stimulated by GA and suppressed by 
ABA (Ren and Kermode, 2000). 
Although the effect of chilling has been associated with breaking dormancy, species 
such as Anagallis arvensis, a facultative winter annual, increase their dormancy level after 
prolonged exposure to chilling (Kruk and Benech-Arnold 2000). Therefore, generalizations 
about environmental effects on dormancy must be done carefully. Fennimore and coworkers 
(1998) studying Avena fatua L. dormancy observed interactions between genotype and 
germination temperature, and they argued that this kind of interaction was important for the 
environmental adaptability of this species. This information reinforces the importance of 
environmental cues and their interactions with the genes that are controlling seed dormancy. 
Temperature fluctuation or heat shock can play very important roles in dormancy 
regulation because those are environmental signals that can affect the physiology of the seed. 
In the case of Carica papaya L., exposing imbibed seeds to a single heat shock (4 h at 36 C) 
was enough to break dormancy. Drying heat-shocked seeds promoted secondary dormancy, 
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and imbibing and heat-shocking the seeds, again, broke the secondary dormancy (Wood et al. 
2000). The expression of specific heat shock proteins was previously associated with 
acquisition of desiccation tolerance and dormancy (DeRocher and Vierling 1994; Wehmeyer 
et al. 1996). Daily temperature fluctuation was able to promote germination of photosensitive 
Rumex obtusifolius seeds even after FR exposure (Benvenutti et al. 2001). Moreover, 
temperature regulates the responsiveness to light of other species (Derkx and Karssen 1993). 
Seed Bank 
The main source of weeds is the seed bank present in an agricultural field (Cavers 
1983). It is for this reason that the characteristics of the seed bank are very important in 
determining the management of an agricultural field. Some of the elements that must be 
considered when analyzing a seed bank are species composition, number of seeds per area or 
soil volume, dormancy level of those seeds, potential emergence, emergence timing, seed 
predation and microbial degradation. Although the seed bank is not the only factor that 
determines the weed community that a field can have in a defined time, it is a good indicator 
of the potential under ideal conditions. Thus, by describing the seed bank composition, its 
vertical and horizontal distribution, and effect of environment on seeds, we can better 
describe the weed dynamics of a field (Cardina and Sparrow 1997; Zhang and Hamill 1998; 
Buhler 1999). 
Summary 
Understanding of weed communities is needed in order to make the right decisions 
about control strategies to manage the seed bank (Thompson et al. 1994; Buhler 1999). The 
seed dormancy level will determine the emergence timing and magnitude of a particular 
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species. Thus, if most of the seeds remain dormant during a growing season, a very low weed 
emergence will be observed in the field. On the other hand, if a large portion of the seeds 
present in the soil is not dormant, and the conditions are suitable for germination, weed 
emergence will be high. Therefore, seed dormancy regulation is of great interest in the design 
and implementation of weed control practices. 
Although there is abundant information about the elements that are part of the seed 
developmental program (e.g. hormones such as abscisic acid and gibberellic acid), 
information about the mechanisms of how the environment modifies that program, especially 
for weed species, is very limited. More information about the genetic and biochemical 
mechanisms that control weed seed dormancy are required to develop strategies that allow 
the proper management of weed seed dormancy thus supporting human endeavors. 
Justification 
Common waterhemp (Amaranthus rudis Sauer), giant foxtail (Setaria faberi Hemn.) 
and velvetleaf (Abutilon theophrasti Medic.) are very important weeds affecting soybean 
(Glycine max L.) and corn (Zea mays L.) production in Iowa (Mayo et al. 1995; Schreiber 
1992; Stoller 1987). These weeds cause difficulties in crop management and important 
reductions in yield and grain quality. 
It has been shown that these species have different emergence characteristics during 
the growing season (Hartzler et al. 1999). However, the explanation of those characteristics is 
not clear. I hypothesize that temperature and light are determinant factors in seed dormancy 
regulation and germination and that these physiological processes are involved in the 
response of weeds to agricultural practices. Also, I suggest that the information available 
about the environmental regulation of the seed dormancy of those species is not accurate or 
consistent enough to describe properly those physiological processes. 
Knowledge about the biology and ecology of common waterhemp, giant foxtail and 
velvetleaf is limited. Therefore, this work intended to generate valuable and precise 
information about the environmental requirements that determine the seed germination and 
seedling emergence of these weeds. Light and temperature were the environmental factors 
evaluated, based on their importance in dormancy and germination regulation (Knapp 2000). 
Light quality and its effect on phytochrome-mediated regulation of seed dormancy was the 
focus of our study. Because most of the temperature requirements for the germination of 
these three weeds have been conducted using stable temperatures, we evaluated how 
temperature fluctuations affected dormancy. The information generated will help to give 
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weed scientists, ecologists and biological researchers a base to understand and explain the 
patch and emergence patterns of weeds in time and space. Thus, more effective weed control 
strategies will be designed in the future. 
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CHAPTER 2. EFFECT OF TEMPERATURE ON THE 
GERMINATION OF COMMON WATERHEMP, GIANT 
FOXTAIL AND VELVETLEAF 
A paper submitted to Weed Science 
Ramon G. Leon, Allen D. Knapp, and Micheal D. K. Owen 
Abstract 
Common waterhemp, giant foxtail, and velvetleaf seed germination in response to 
temperature was studied with atwo-way thermogradient plate. Minimum and optimum 
temperatures for velvetleaf germination were approximately 8 and 24 C, respectively. 
Temperature alternation did not affect the germination of this species. The minimum 
temperature for common waterhemp germination was 10 C and 14 C for giant foxtail. The 
optimum germination of giant foxtail occurred at approximately 24 C, but common 
waterhemp optimum germination was variable depending on temperature alternation. 
Increasing the amplitude of the diurnal temperature alternation increased the germination of 
these two species, and this was more evident at lower temperatures. In the case of common 
waterhemp, the temperature required to reach specific germination percentages was reduced 
by increasing the amplitude of the temperature alternation 
Introduction 
Seed germination is one of the most critical events for the success of any weed because it 
represents the first stage at which the weed can compete for an ecological niche (Forcella et 
al. 2000). Nevertheless, germination is conditioned by intrinsic and extrinsic factors. 
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Dormancy is the main reason why viable weed seeds do not germinate, even under optimum 
conditions. The genetic and physiological characteristics of seeds play important roles in 
dormancy. However, the interaction between those characteristics and the environment is 
likely responsible for breaking dormancy or triggering germination (Murdoch and Ellis 
1992). The many factors or events that reduce or eliminate dormancy vary among species 
(Buhler et al. 1997). Soil moisture, oxygen availability, and temperature have been proposed 
to be the most critical environmental factors affecting seed germination, and thus important 
in breaking dormancy. Other factors such as light exposure, microbial activity, and soil 
nitrate, are also involved in breaking dormancy (Baskin and Baskin 1990; Baskin and Baskin 
1998; Oryokot et al. 1997). 
In temperate regions, temperature is perhaps the most important determinant of the 
germination of weed seeds (Forcella 1998). Cold temperatures during the winter and early 
spring inhibit seed metabolism thus preventing germination. Conversely, warm temperatures 
during the spring increase seed metabolism and promote biochemical reactions necessary for 
germination. Some weeds only require the temperature to be above a minimum to germinate 
while others also require daily temperature fluctuation. For these species, the amplitude of the 
fluctuation plays an important role in breaking dormancy (Baskin and Baskin 1998). 
The efficacy of weed control practices such as tillage and postemergence herbicide 
applications are affected by weed emergence timing (Forcella 1993). Therefore, 
understanding the temperature requirements for weed seed germination is very important in 
the design and implementation of weed control strategies. Also, the use of modeling as a tool 
to study agricultural systems has been increasing. Models that describe or predict weed 
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emergence in the field could be useful as decision tools to implement weed control strategies. 
Weed emergence models require abundant and precise information about the biology of the 
species in order to be effective under different environmental conditions (Forcella et al. 
2000). Because temperature is very important in weed germination, it is usually included in 
predictive models of germination or emergence. 
Many studies have been conducted to determine the germination temperature requirements 
of hundreds of species, but very few have considered both the role of temperature as an 
energy source and as an environmental signal. As an energy source, temperature affects the 
germination rate, while as a signal, temperature can determine when dormancy ceases and/or 
germination is induced (Benech-Arnold et al. 2000). The minimum temperature at which a 
non-dormant seed can germinate is not necessarily the same temperature where dormancy is 
broken in a dormant seed (Benech-Arnold et al. 1990a, 1990b; Boyce et al. 1976; Toole and 
Koch 1977). Consequently, studies that consider both the role of temperature breaking 
dormancy and determining germination rate could provide more accurate and realistic 
information about the weed seed biology. 
Common waterhemp, giant foxtail and velvetleaf are three of the most important weeds in 
the Midwest Region of the United States (Mayo et al. 1995; Schreiber 1992; Stoller et al. 
1987). Importantly, these weeds emerge at different times in that region. Hartzler et al. (1999) 
observed that velvetleaf was the first species to emerge during the growing season; giant 
foxtail emerged shortly after velvetleaf, and common waterhemp was the last species to 
emerge. Why these weeds have that emergence sequence is not known. Presumably, their 
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specific temperature requirements for germination have a major role in determining the 
emergence sequence. 
The temperature requirements for giant foxtail and velvetleaf germination have been studied 
extensively (Horowitz and Taylorson 1984; Mester and Buhler 1991; Moore and Fletchall 
193). In most of these germination studies, seeds were exposed to specific temperatures and 
germination was determined at the end of the experiment. Assessing the germination rate is 
very important because both the magnitude and rate of germination are utilized in defining 
the optimum germination temperature (Bradford 2002; Carberry and Campbell 1989). The 
information available describing the germination temperature requirements for common 
waterhemp is very limited. Additionally, the effect of fluctuating temperatures on 
germination of the three weed species has not been studied sufficiently to describe the role 
that temperature has in dormancy. 
The objectives of this study were to characterize the effects of steady and alternating 
temperatures on the germination of common waterhemp, giant foxtail and velvetleaf. 
Temperature response was studied mechanistically such that we could distinguish between 
the effect of temperature on breaking dormancy and germination rate. This research will 
increase the understanding of seed dormancy and germination of these important weed 
species, facilitate the improvement of existing predictive emergence models, or a11ow the 
design of new ones. 
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Materials and Methods 
Common waterhemp, giant foxtail and velvetleaf seeds were collected from field 
populations near Ames, IA, in 1999. The seeds were cleaned and stored at 4 C and 40% 
relative humidity until used. The moisture content (dry weight basis) at which the seeds were 
stored was 11, 7, and 6% for common waterhemp, giant foxtail and velvetleaf, respectively. 
Seeds were prechilled to reduce the dormancy level. The seeds were prechilled in 9 cm petri 
dishes between two wet seed germination blotter papersl, and 15 ml deionized water was 
added. The petri dishes were kept at 4 C for 12 wk. Then, seeds were rinsed with deionized 
water, and velvetleaf seeds were scarified with sandpaper to allow imbibition. Preliminary 
studies showed that sterilization was required for giant foxtail and velvetleaf but not for 
common waterhemp because the seeds of the first two species were consistently infected by 
fungi. Giant foxtail and velvetleaf seeds were surface sterilized with 0.1 % v/v sodium 
hypochlorite for 2 min and then rinsed with deionized water for 5 min. The sterilization had 
no negative effect on the embryos or germination. 
The experiments were conducted on a two-way thermogradient plate. The plate was 
adjusted to maintain the temperature gradient in one direction for 16 h and for 8 h in the other 
direction. The selected temperatures were 8, 14, 20, 26, and 32 C ± 1 C. The combination of 
those temperatures produced 25 different temperature treatments (Table 1). The treatments 
were chosen to study a wide range of temperatures and also to allow comparisons between 
treatments with the same mean temperature but with different temperature alternations 
(steady vs. alternating temperatures). The mean temperature for each treatment was 
calculated as shown in Equation 1: 
T=[(T~6*16)+~Ta*g)~*24'' [lJ 
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Where T represented the mean temperature in degrees C. T~6 and Tg were the 
temperatures in degrees C to which the seeds were exposed for 16 h and 8 h, respectively, 
every 24 h period. 
The amplitude of the diurnal temperature alternation (A) was obtained as described in 
Equation 2: 
A=Tmax- Tmin [2] 
Where Tr„aX and Tm;,, were the maacimum and minimum temperatures in degrees C, 
respectively, to which the seeds were exposed every 24 h period. 
The experimental unit consisted of 25 seeds of each species placed in a 9 cm petri 
dish with a wet blotter paper. The experimental units were randomly assigned to temperature 
treatments on the thermogradient plate. Deionized water was supplied to each dish daily to 
keep the blotter paper wet. Temperatures were monitored every 20 min using a copper- 
constantan thermocouple attached to an AM32 Multiplexer2 and a CRlOX3 Datalogger. 
White fluorescent bulbs provided approximately 150 µmol m"Z s"1 of photosynthetic photon 
flux density (PPFD) during the experiment. Germination was determined every 48 h for 14 d. 
The criterion for germination was radicle protrusion. At the end of the experiments, non- 
germinated seeds were subjected to a tetrazolium (TZ) test to determine viability (Moore 
1985). The number of germinated seeds was used to determine germination percentage. In 
addition, d required to reach 50% germination (tso) was estimated as shown in Equation 3: 
t50=(Hp-Lp)''+L [3] 
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Where L was the last d prior to 50% germination was reached. Lp was the observed 
germination percentage on d L. Finally, Hp was the observed germination percentage on the d 
when germination reached or exceeded 50%. 
Experiments were arranged as a randomized complete block design. A complete 
series of treatments on the thermogradient plate was considered a replication. Each treatment 
had three replications, and the experiment was conducted twice. The General Linear Model 
(GLM) was used to conduct ANOVA to analyze the data ([SAS] Statistical Analysis Systems 
1995), and Tukey's Studentized Range test (P50.05) was used to determine LSD to separate 
treatment means. Finally, T-test analysis (P<_0.05) was conducted to make specific 
comparisons between individual and groups of treatments. 
Results and Discussion 
Temperature treatments did not affect the viability of the seeds. Seed viability was 89 to 
100%, 78 to 92% and 77 to 94% for common waterhemp, giant foxtail and velvetleaf, 
respectively. 
Maximum velvetleaf germination was approximately 60% (Table 2). Very poor germination 
was observed for treatments with mean temperatures below 14 C, but above this temperature 
germination increased drastically until it reached a plateau at 24 C (Table 2). Our results 
indicated that for velvetleaf, the minimum and optimum mean temperatures for germination 
were approximately 8 and 24 C, respectively. Other researchers have obtained similar results. 
Horowitz and Taylorson (1984) observed that for imbibed velvetleaf seeds, temperatures 
between 15 and 30 C allowed germination and that the optimum was between 24 and 30 C. 
22 
Mester and Buhler (1991) reported that velvetleaf germination between 10 and 20 C was 
similar but significantly higher than at 5 C. Although we did not evaluate temperatures lower 
than 8 C, in other experiments we observed some germination at 4 C (Leon and Owen 
unpublished data) supporting reports by Mester and Buhler (1991). The maximum 
temperature that we tested was 32 C, and we did not observe any detrimental effect on 
velvetleaf germination. Similarly, Horowitz and Taylorson (1984) did not observe a decline 
in velvetleaf germination until 3 8 C. 
Common waterhemp germination was greater than 90% in several treatments (Table 2). It is 
important to note that some treatments with either low or high mean temperatures showed 
high germination percentages (e.g., 08/32 and 32/20 showed 94% and 98% germination, 
respectively). Some treatments with intermediate mean temperatures demonstrated 
intermediate or even low germination (e.g., 20/26, 26/20, and 20/20 showed 77%, 69% and 
27% germination, respectively) (Table 2). Therefore, common waterhemp germination 
cannot be described as a linear function of the mean temperature as reported for other species 
such as green and giant foxtail, velvetleaf, redroot pigweed, and others (Colbach et al. 2002; 
Forcella 1998; Lindquist et al. 1995). Common waterhemp did not germinate below 10 C. 
Maximum giant foxtail germination was around 75% (Table 2). Mean temperatures 
between 20 and 25 C promoted high germination. Also, giant foxtail germination below 14 C 
was near 0%. Moore and Fletchall (1963) reported that giant foxtail germination and 
emergence in the field occurred when the soil temperatures were between 10 and 30 C. In 
addition, our results were consistent with Mester and Buhler (1991) who reported that giant 
foxtail did not germinate at 5 C, and that the germination at 10, 15, and 20 C was 20, 77, and 
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72% respectively. It should be noted that germination for the 32/32 treatment was 
significantly less than for treatments with intermediate temperatures (i.e. 20 to 26 C), 
suggesting that 32 C could inhibit giant foxtail germination. Taylorson (1982) proposed that 
above 30 C secondary dormancy was induced in giant foxtail seeds. 
Temperature alternation increases the germination of several species (Benech-Arnold et al. 
1988, 1990b; Evers 1991; Thompson and Grime 1983; Thompson et al. 1994). To determine 
if the temperature alternation had any effect on germination, treatments were grouped in two 
categories, treatments with and without temperature alternation. Only treatments with the 
same mean temperature and different temperature alternation were included in this analysis. 
Then the germination of all the constant temperature treatments was compared to the 
germination of all the alternating temperature treatments. Compared to constant temperature, 
temperature alternation increased (P<0.0001) from 30% to 90% and from 40% to 70% the 
germination of common waterhemp and giant foxtail, respectively (Figure 1). However, 
velvetleaf germination under alternating temperatures did not differ from the germination 
under constant temperatures. Our findings were different than reports where shading was 
used to indirectly control soil temperature fluctuation, and in temperature-controlled growth 
chamber studies. In these reports, giant foxtail germination showed no clear response to 
temperature fluctuation or alternation (Kegode and Pearce 1998; Kegode et al. 1998). 
The amplitude of the temperature alternation treatments was also evaluated to determine if 
it influenced germination. All the treatments were grouped based on the amplitude of their 
temperature alternation, and the overall germination of these groups was compared. The 
germination of common waterhemp and giant foxtail increased when increasing the 
24 
amplitude of the temperature alternation (Figure 2). The optimum amplitude for both species 
was 18 C, and a greater amplitude did not increase germination. The ability of seeds to 
"sense" temperature fluctuation has been proposed as a mechanism for soil depth-sensing and 
also germination timing in the spring (Thompson et al. 1977; Thompson and Grime 1983; 
Van Assche and Vanlerberghe 1989). The effect of temperature alternation on germination 
depended on the amplitude of the alternation and the number of alternating cycles (Benech- 
Arnold et al. 1990a, 1990b; Ekstam et al. 1999). Temperature alternation for 1 to 3 d 
promoted 50% common waterhemp germination, and for giant foxtail4 to 8 d were required 
to reach the same germination percentage (Table 2). Temperature alternation had a greater 
impact on common waterhemp and giant foxtail germination at low temperatures than at high 
temperatures such that the increase in the germination was greater at low than at high 
temperatures (Figure 3 and Table 2). The impact of temperature fluctuation on germination is 
related to the mean temperature, but this relationship varies across species depending on their 
niches and survival strategies (Ekstam and Forseby 1999). Although, the nature of this 
relationship is not known, it is believed that is related to changes in dormancy level such as 
depending on the fluctuation and the mean temperature dormancy can be broken or induced 
(Ekstam and Forseby 1999). 
It was interesting that for velvetleaf, when the amplitude of the temperature alternation was 
24 C, the germination compared to other treatments increased (Figure 2) even though in 
general, temperature fluctuation did not increase the germination of this species (Figure 1). 
Environmental and not embryonic factors determined the reduction of the physical dormancy 
imposed by the seed coat of velvetleaf seeds (Cardina and Sparrow 1997). Therefore, it was 
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possible that the drastic changes in temperature provided by the treatments with 24 C 
amplitude helped break the velvetleaf seed coat thus allowing imbibition and oxygen supply 
to the embryo. 
Temperature alternation not only increased common waterhemp germination, but also 
reduced the mean temperature required to promote the same germination than. the maximum 
germination shown by treatments with constant temperature (Figure 3 and Table 2). 
Nevertheless, the minimum temperature for germination was not altered (Figure 3). Common 
waterhemp germination at constant temperatures plateaued at 32 C (72% germination). when 
the amplitude of the temperature alternation was 6 C, the plateau occurred at 25 C and the 
germination was 80%. For the 12 C temperature alternation, the plateau was at 22 C, and the 
germination was above 90%. In the case of 18 and 24 C temperature alternation, the 
germination was above 87% far common waterhemp and 60% for giant foxtail (Table 2 and 
Figure 3). 
The minimum temperature required to reach maximum germination was 14 C when the 
amplitude of the temperature alternation was 18 C, and 16 C when the amplitude was 24 C 
for common waterhemp and giant foxtail. Velvetleaf did not respond in the same manner 
(Table 2 and Figure 3). Dormancy level of species affects the response to temperature such 
that germination will occur at a lower temperature in anon-dormant than in a dormant seed 
(Pritchard et al. 1999). Reduced dormancy could explain the increased germination in 
response to temperature alternation demonstrated by common waterhemp and giant foxtail 
(Benech-Arnold et al. 1988, 1990b). Also, the reduction in the temperature at which specific 
percentages of common waterhemp germination occurred could be caused by decreased 
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dormancy (Pritchard et al. 1999). This is a very important consideration when building a 
model to describe or predict the germination and emergence of these species. 
Although temperature alternation increased common waterhemp and giant foxtail 
germination, it did not affect the time required to reach 50% germination (tso) (Table 2). On 
the other hand, increasing the mean temperature, regardless of the temperature alternation, 
reduced t50. This was especially true for common waterhemp and giant foxtail when 
comparing treatments whose mean temperature was below 16 C with those above 22 C. We 
conclude that temperature alternation was more important than mean temperature in 
determining giant foxtail and common waterhemp germination magnitude although 
alternation did not affect the germination rate of these two species. 
Most of the existing predictive models of germination assume that the minimum, 
optimum and maximum temperatures are the same for any condition (Bradford 2002; 
Forcella 1998). Here, we have demonstrated that for velvetleaf and giant foxtail those 
assumptions are valid, but for common waterhemp those assumptions are not applicable. 
Therefore, a predictive germination model for common waterhemp must include the effect of 
temperature alternation on germination. 
Sources and Materials 
1 Anchor Steel Blue Seed Germination Blotter. Anchor Paper Company 480 Broadway, St. 
Paul, Minnesota 5 5101. 
2 AM32 Multiplexer. Campbell Scientific Inc. 815 West 1800 North 
Logan, Utah 84321-1784 
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3 CRlOX Datalogger. Campbell Scientific Inc. 815 West 1800 North 
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Table 1. Mean temperature and diurnal temperature alternation of 25 treatments on a two-«ay 
thermogradient plate. 
Treatment Mean Temperature l Amplitude of Diurnal 
Temperature 
Alternation 2
C 
08/08 8 0 
08/14 10 6 
08/20 12 12 
08/26 14 18 
08/32 16 24 
14/08 12 6 
14/14 14 0 
14/2 0 16 6 
14/26 18 12 
14/32 20 18 
20/08 16 12 
20/14 18 6 
20/20 20 0 
20/26 22 6 
20/32 24 12 
26/08 20 18 
26/14 22 12 
26/20 24 6 
26/26 26 0 
26/32 28 6 
32/08 24 24 
32/14 26 18 
32/20 28 12 
32/26 30 6 
32/32 32 0 
': Calculated as shown in Equation l: T=[(T16*16)+(Tg*8)]*24"' 
T represents the mean temperature in degrees C. Ti6 and Tg are the temperatures in degrees C at which the seeds 
were exposed for 16 h and 8 h respectively every day. 
2: Calculated as shown in Equation 1: A=T~-T~, 
A is the amplitude of the diurnal temperature alternation in degrees C. TAX and Tmin are maximum and minimum 
temperatures in degrees C, respectively, at which the seeds were exposed every day. 
3: The first and second numbers represent Ti6 and Tg respectively as described in Equation 1. 
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Table 2. Germination and days required to reach 50% germination (t50) for common 
waterhemp (AMATA), giant foxtail (SETFA) and velvetleaf (ABUTH) seeds exposed to 25 
temperature treatments on a two-way thermogradient plate. 
Treatment ABUTH AMATA SETFA 
Germination t50~ Germination t50 Germination tso 
(%) ~d~ (%) ~a~ ~o~o~ ids 
08/08 7 n.e. 0 n.e.2 0 n.e. 
08/14 1 n.e. 0 n.e. 0 n.e. 
08/20 4 n.e. 25 n.e. 14 n.e. 
08/26 13 n.e. 88 7 61 11 
08/32 48 n.e. 94 4 74 8 
14/08 23 n.e. 7 n.e. 9 n.e. 
14/14 33 n.e. 5 n.e. 18 n.e. 
14/20 29 n.e. 28 n.e. 45 n.e. 
14/26 40 n.e. 90 3 77 7 
14/32 59 4 97 2 78 6 
20/08 31 n.e. 45 n.e. 61 9 
20/14 30 n.e. 35 n.e. 45 n.e. 
20/20 3 $ n.e. 27 n.e. 47 n.e. 
20/26 43 n.e. 77 3 75 5 
20/32 57 3 99 2 71 5 
26/08 47 n.e. 87 3 75 5 
26/ 14 44 n.e. 85 2 79 5 
26/20 43 n.e. 69 4 77 5 
26/26 46 n.e. 59 n.e. 57 4 
26/32 49 n.e. 89 2 64 4 
32/08 61 3 97 1 61 6 
32/14 51 n.e. 94 1 70 4 
32/20 53 2 98 1 71 4 
32/26 60 2 87 2 62 4 
32132 53 n.e. 72 2 47 n.e. 
LSD3 26 2 25 3 28 4 
' : Calculated as described in Equation 3 : t50=(Hp-Lp)"'+L 
t50 represents the estimate of the number of days at which 50% germination was reached. L is the last day prior 
to s0% germination was reached. Lp is the observed germination percentage on day L. Hp is the observed 
germination percentage on the day when germination reached or exceeded 50%. 
2: n.e. : Not estimated because germination never reached 50% in all the replications. 
3: LSD based on Tukey's Studentized Range Test (a = O.Os). 
4: The results represent the average of 6 replications. 
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Figure 1. Germination of common waterhemp (AMATA), giant foxtail (SETFA) and 
velvetleaf (ABUTH) in response to alternating and steady temperature conditions. The 
germination of the alternating temperature condition was calculated grouping treatments that 
had temperature alternation. The germination of the steady temperature condition was 
calculated grouping treatments that had the same mean temperatures than the treatments of 
the alternating temperature condition but lacking temperature alternation. The error bars 
represent the standard error (P50.0001). The results represent the average of 6 replications. 
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Figure 2. Germination of common waterhemp (AMATA), giant foxtail (SETFA) and 
velvetleaf (ABUTH) in response to different amplitudes of diurnal temperature alternation. 
The germination of the different temperature alternations was calculated grouping the 
geir~iination of treatments having the same amplitude. The mean temperature for each 
temperature alternation group was 20 C. Bars with the same letter within species are not 
significantly different (P50.05). The results represent the average of 6 replications. 
Figure 3. Germination of common waterhemp (AMATA), giant foxtail (SETFA) and 
velvetleaf (ABUTH) under different amplitudes of diurnal temperature alternation 0 (~), 6 
(o), 12 (T ), 18 (~), and 24 C (~) in response to mean temperature. The dotted, dashed, and 
solid lines are the best-fitted curve for 0, 6 and 12 C temperature amplitude, respectively for 
AMATA and SETFA. There were no differences between temperature amplitudes in the case 
of velvetleaf. Therefore, only one curve was fitted for velvetleaf which equation isy = 
52.5/{1+e exp —[(x-14.72)/2.688]}; r2=0.81. The equation that describes the best-fitted curve 
for AMATA, for 0 C amplitude isy = 74.17/ { l+e exp —[(x-21.78)/2.989] } ; Y2=0.99; for 6 C 
amplitude isy = 85.9/{1+e exp —[(x-18_35)/2.534]}; r~=0.9771; and for 12 C amplitude isy = 
98.14/{1+e exp —[(x-15.19)/2.303]}; r —0.91. The equations that describe the best-fitted 
curve for SETFA, for 0 C amplitude isy = 59.53 e exp {-0.5[(x-26.26)/7.98]2}; r2=0.98; for 
6 C amplitude isy = 78.49 e exp {-0.52(x-24.57)/6.76]2}; ~2=0.96; and for 12 C amplitude is 
y = 82.93 e exp {-0.5 [(x-22.67)17.221 ] } , r —0.83. The best-fitted curves for 18 and 24 C 
amplitudes are not shown. Each point represents the average germination of one treatment 
from the two-way thermogradient plate. The error bar represents LSD between points based 
on Tukey's Studentized Range Test (a=0.05). The results represent the average of 6 
replications. 
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CHAPTER 3. REGULATION OF WEED SEED DORMANCY 
THROUGH LIGHT AND TEMPERATURE INTERACTIONS 
A paper submitted to Weed Science 
Ramon G. Leon and Micheal D. K. Owen 
Abstract 
The effects of temperature and light on the dormancy of velvetleaf, common 
waterhemp and giant foxtail seeds were studied under controlled growth chamber conditions. 
Seeds were either chilled keeping them at 4 C for 12 wk under wet conditions or non-chilled 
keeping them at 4 C in dry storage. Then, seeds were germinated under increasing and 
decreasing temperatures, and under continuous red light (R) and far-red light (FR). In 
addition, chilled and non-chilled seeds were germinated in the dark after being exposed to 
alternating R and FR flashes. Velvetleaf germination was increased by exposure to high 
temperatures (36 C) immediately following exposure to low temperatures (4 C), but light had 
no effect. Chilling increased common waterhemp seed germination and sensitivity to light 
and temperature. R light promoted common waterhemp seed germination, whereas FR light 
inhibited germination and maintained dormancy. In addition, the effect of light was 
reversible. Therefore, common waterhemp dormancy was phytochrome-regulated. However, 
high temperatures (36 C) promoted the germination of chilled seeds, even when exposed to 
FR light. The germination of chilled giant foxtail seeds was reduced by FR. Giant foxtail seed 
dormancy was, partially, phytochrome regulated, but dormancy regulation is more dependent 
on mean temperature. 
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Introduction 
Seed dormancy favors the persistence of seeds in the seed bank by extending the 
germination and emergence of weeds over time (Benech-Arnold et al. 2000). Viable seeds are 
considered dormant when their morphological and biochemical characteristics do not allow 
germination even under optimum conditions (Knapp 2000; Villiers 1972). Establishment, 
level, and duration of seed dormancy can be regulated by internal and external factors. 
Dormancy is determined genetically, is established during maturation on the mother plant 
(Roach and Wulff 1987), and can be modified by environmental factors affecting the mother 
plant and the seed before and after shedding (Kegode and Pearce 1998; Taylorson 1982). 
The level of dormancy depends on the physiological characteristics of the seed. 
Changes in seed mRNA and protein profiles have been associated with changes in dormancy 
level (Dyer 1995; Foley 2001). To evaluate seed dormancy level, a basic knowledge of the 
genetic and physiological processes controlling dormancy, and what environmental factors 
modify that control, is required (Knapp 2000). Environmental factors affect dormancy and 
germination (Benech-Arnold et al. 2000} such that, if the dormancy level is high, very 
specific environmental conditions will be required for breaking dormancy. Conversely, if the 
dormancy level is low, germination will occur under a wider range of conditions (Knapp 
2000). 
Temperature affects the dormancy level of weed seeds, especially in temperate 
regions (Forcella 1998). Diurnal and seasonal temperature fluctuation and mean temperature 
affect the breaking of dormancy and thus germination rate. Some weeds require periods in 
which the temperature either increases or decreases slowly while other species require daily 
temperature fluctuations or chilling to break dormancy (Baskin and Baskin 1998). 
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Light is another environmental factor regulating dormancy level. Light regulation is 
mediated by a photoreceptor called phytochrome that can initiate or stop physiological 
processes in the seed depending on the characteristics of the light to which it is exposed. 
Phytochromes are able to change their form depending on the light wavelength to which they 
are exposed. Pr is the phytochrome form that absorbs red light (R) with a wavelength of 660 
nm and is considered biologically inactive. Pfr is the form that absorbs far red light (FR) with 
a wavelength of 730 nm and is considered the active form that promotes germination. In 
addition, when the Pfr form is exposed to FR, it will change to the Pr form. In the same way 
when the Pr form is exposed to R, it will change to the Pfr form. Therefore, R promotes 
germination in photoblastic seeds (Benech-Arnold et al. 2000). Wavelength, flux density, and 
exposure duration determine the effect of light on dormancy (Ballare and Casa12000). 
In some species, temperature and light interact causing variation in the response of 
seeds to those environmental factors (Hurtt and Hodgson 1987). This interaction has 
important implications on weed control practices, especially tillage (Benech-Arnold et al. 
2000). For example, tillage can be conducted when light sensitivity in seeds is low in order to 
reduce weed emergence or when light sensitivity is high to stimulate weed germination so 
emerged weeds can be killed before the crop is planted. 
Velvetleaf, common waterhemp, and giant foxtail are three of the most problematic 
weeds in the Midwest United States (Mayo et al. 1995; Pratt and Clark 2001; Schreiber 1992; 
Stoller et al. 1987). Many studies have been conducted on giant foxtail and velvetleaf to 
determine the effects of temperature, soil water, soil depth, and tillage on seed germination. 
In the case of common waterhemp, only the effect of temperature on germination has been 
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evaluated (Leon et al. XXXX). Whether dormancy is phytochrome regulated has not been 
directly addressed for these species. Also, how interactions between temperature and light 
affect the seed dormancy of those species is not clear. LaCroix and Staniforth (1964) reported 
that velvetleaf seed germination did not differ in light or dark. However, Horowitz and 
Taylorson (1984) observed that at high temperatures (>35 C) light inhibited velvetleaf seed 
germination. There are no studies evaluating the effect of light quality on giant foxtail seed 
germination. Nevertheless, research studying the effect of tillage on weed emergence has 
indicated that light could affect giant foxtail seed germination and seedling emergence in the 
field. In a four-year field experiment comparing day vs. night tillage, giant foxtail emergence 
was increased by light exposure only in one year (Gallagher and Cardina 1998c). 
The objectives of this research were to determine the effect of chilling, sudden and 
gradual temperature changes and light quality on dormancy level, and how the interaction of 
those factors affects seed dormancy regulation for common waterhemp, giant foxtail, and 
velvetleaf seeds. In addition, the phytochrome regulation of seed dormancy was studied for 
those species. 
Materials and Methods 
Plant Material and Seed Conditioning 
Common waterhemp, giant foxtail, and velvetleaf seeds were collected from 
populations of a field near Ames, IA, in August and September 1999. The seeds were 
collected directly from plants before seed shedding occurred. The seeds were cleaned and 
stored under dry and dark conditions at 4 C and 40% relative humidity until used. The 
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moisture content (dry weight basis) at which the seeds were stored was 1 1, 7, and 6% for 
common waterhemp, giant foxtail and velvetleaf, respectively. Before use, seeds were 
incubated under two conditions; seeds of each species were maintained at 4 C in dry and dark 
storage and considered non-chilled (-C) or were chilled (+C). The chilling treatments were 
accomplished by placing 500 seeds between two seed germination blotter papers' in 9 cm 
diameter petri dishes and adding 15 ml deionized water. Petri dishes were kept at 4 C in the 
dark for 12 wk. After chilling, seeds were rinsed with deionized water and velvetleaf seeds 
were rubbed with sandpaper for 1 min to scarify them and allow imbibition. Giant foxtail and 
common waterhemp did not require scarification. Preliminary studies showed that giant 
foxtail and velvetleaf seeds were consistently infected by fungi. Therefore, seeds of these 
species were surface sterilized with 0.1 % v/v sodium hypochlorite for 2 min and rinsed with 
deionized water for 5 min. Sterilization had no negative effect on the embryo or germination. 
During cleaning, sterilization, scarification, and experimental set up, the seeds were under 
laboratory illumination (120 µmol m-2 s -1) provided by white fluorescent bulbs. 
Effect of Temperature and Light Quality on Seed Dormancy 
An experiment was conducted to determine the effect of the mean temperature, 
sudden and gradual temperature changes and light quality on seed dormancy. Each 
experimental unit consisted of 100 seeds of each species placed in 9 cm petri dishes with a 
wet blotter paper. Deionized water was supplied to each dish daily to keep the blotter paper 
wet. The petri dishes were placed in a Conviron2 growth chamber programmed to provide 
specific temperature and light conditions. The temperature treatments were a modification of 
the methodology proposed by Washitani (1987). Two temperature conditions were used; one 
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was a continuous increase in temperature (I), and the other one, a continuous temperature 
decrease (D). In the case of I treatments, the seeds were initially exposed to 4 C, and every 48 
h the temperature was increased 4 C until reaching 36 C on d 16. The seeds under D 
treatments were initially exposed to 36 C, and every 48 h the temperature was decreased 4 C 
until reaching 4 C on d 16. In order to simulate the daily temperature fluctuation to which 
seeds are exposed in the field, the different temperature treatments had a daily oscillation of ± 
4 C. The daily oscillation was done gradually changing the temperature 1 C every 3 h. 
Because different light conditions generated different temperatures in the interior of the petri 
dishes, the growth chamber was calibrated to provide the desired temperatures inside the petri 
dish depending on the light treatment to which the seeds were exposed. 
Seeds were exposed to two different light treatments, light ri ch in red (R) (660 nm) 
and in far-red (FR) (730 nm). The characteristics of each light treatment were determined 
with a portable spectroradiometer LI-1800 (LI-COR4) and are specified in Table 1. Because 
there was no information about the duration or intensity of R or FR light exposure required to 
change the phytochrome form for these species, seeds were exposed to either R or FR light 
continuously during the experiment. Preliminary studies showed that prolonged exposure to 
white light had no inhibitory effect on the germination of the three species. The R treatments 
were exposed to unfiltered white fluorescent light and had a R/FR ratio of 7.7, while the FR 
had R1FR ratio of 3.5 x 10 3 as a result of filtering light from white incandescent bulbs with 
two layers of 27 Roscolux3 film and one layer of 83 Roscolux film (Benvenuti et al. 2001). 
Even though the R treatment had higher blue light (420 nm) intensity than the FR treatment 
(Table 1), germination differences between these treatments were attributed to phytochrome 
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response. Nevertheless, we cannot rule out the possibility that differences could be caused by 
blue light responses. There is no report that cryptochromes or phototropins, which are blue 
light photoreceptors involved in plant development regulation, affect seed dormancy or 
germination (Lin 2002). 
Both seed chilling treatments were exposed to a combination of light and temperature 
treatments (FRI +C, FRI —C, FR.D +C, FRD —C, RI +C, RI —C, R.D +C, and RD —C). Two 
growth chambers were available for conducting the experiments. Therefore, randomization 
was conducted for determining treatment order and growth chamber assignment. The 
experiment was set up as a randomized complete block design, and arranged as a split-plot 
where the whole plots were the combinations of temperature and light treatments and the sub 
plots were the chilling treatments. The experiment had three replications and was conducted 
twice. Seed germination was quantified every 48 h just before the temperature changed. 
Seeds were considered germinated upon radicle protrusion. Tetrazolium (TZ) test was used to 
determine viability (Moore .1985) ofnon-germinated seeds at the conclusion of each 
experiment. 
Reversibility of Phytochrome Regulation of Dormancy Level 
An experiment was conducted to determine if the effect of light quality on seed 
dormancy regulation is phytochrome-mediated and if chilling is required for phytochrome-
mediated responses. The germination of species whose seeds respond to light quality through 
phytochrome action is determined by the characteristics of the last light flash to which they 
are exposed regardless of the characteristics of previous light flashes. Therefore, if the seed 
dormancy of velvetleaf, common waterhemp and giant foxtail is phytochrome regulated, the 
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stimulatory effect of a R flash on germination should be reversed by the inhibitory effect of a 
FR flash or vice versa. In addition, if previous chilling exposure is required for phytochrome 
action, only chilled seeds should show germination changes in response to light quality. For 
this experiment, chilled or non-chilled 25 seeds of each species were placed in 9 cm petri 
dishes with wet blotter papers and sealed with parafilm. The experiment was conducted in a 
ConvironZ growth chamber and seeds were exposed to four different light treatments (R, R- 
FR, R-FR-R, and R-FR-R-FR). The duration of the each light exposure was 5 min. The 
spectral characteristics of R and FR lights were the same as previously described (Table 1). 
After the last light flash, the seeds were maintained in the dark at 20 ± 1 C. After 12 d, seed 
germination was quantified using the germination criterion previously described. Non- 
germinated seeds were subjected to TZ test (Moore 1985). 
An additional experiment was conducted for common waterhemp in order to confirm 
phytochrome regulation of dormancy. Chilled seeds were exposed to the same light 
treatments described for the previous experiment. However, the duration of exposure to each 
light was 15 min, and after the last light flash, seeds were maintained in the dark at 28 ± 1 C. 
After 14 d the number of germinated seeds was determined and TZ test was conducted on 
non-germinated seeds (Moore 1985). The experiments were conducted as completely 
randomized designs with four replications. The experiments were conducted twice. 
Statistical Analysis 
The Mixed Model was used to conduct ANOVA ([SAS] Statistical Analysis Systems 
1995) to analyze the effect of temperature and light quality on seed dormancy. The General 
Linear Model (GLM) was used to conduct ANOVA to analyze the reversibility of 
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phytochrome regulation of dormancy level. In addition, Tukey's Studentized Range test 
(P<_0.05) was used to determine LSD between treatments. The analyses were conducted using 
germination percent as dependent variable. The germination percent was calculated based on 
seed number per experimental unit. Velvetleaf, common waterhemp, and giant foxtail seed 
viability was 86 ± 8, 94 ± 5, 85 ± 7, respectively. Seed viability was not affected by the 
treatments, so no correction was made for the germination percent. 
Results and Discussion 
Effect of Temperature and Light Quality on Seed Dormancy 
Germination data were combined because there was no interaction between 
experiment replications and any other factor (P>_0.05). 
Velvetleaf seed germination was 10 to 20% greater in treatments with decreasing 
temperature than treatments with increasing temperature (Figure 1). It is possible that 
exposing velvetleaf seeds to high temperatures after cool storage helped break the seed coat, 
which is the primary constraint for germination (Carding and Sparrow 1997). There were no 
main effects of chilling and light on velvetleaf germination, but interaction effects were 
significant. How those interactions affected the germination of velvetleaf was not clear 
(Figure 1). 
Chilled common waterhemp seeds germination was at least 4 times higher than non- 
chilled seeds (Figure 1). Light quality had the greatest effect on common waterhemp 
germination, with a strong reduction in the FR treatment. The germination of seeds exposed 
to R was at least three times higher than seeds exposed to FR with the exception of the 
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treatment FRD +C (Figure 1). This response to R was more evident in chilled seeds, 
suggesting that low temperatures promoted phytochrome regulation in this species (Figure 1 
and Table 2). Cold and moist conditions can reduce dormancy of many species (Bello et al. 
1998; Khan 1997) and make them more sensitive to environmental signals (Debeaujon and 
Koornneef 2000; Pritchard et al. 1999). Nevertheless, in some species, low temperatures 
increase seed dormancy level, and high temperatures have the opposite effect (Meyer and 
Kitchen 1992). It is likely that the dormancy level common waterhemp seeds is dramatically 
reduced after chilling, and that R light is required for completely breaking dormancy and 
promoting germination. 
Temperature change did not affect common waterhemp seed germination except for 
the FRD +C treatment. The germination of this species for FRD +C occurred mainly in the 
first two d (Figure 2). Therefore, exposing common waterhemp seeds to 36 C after being 
maintained at 4 C made the seeds insensitive to light, and germination was less phytochrome- 
regulated. Exposing seeds to repeated temperature shifts affected dormancy level and the 
growth potential of the embryo, facilitating germination (Bello et al. 1998; Benech-Arnold et 
al. 1990; Khan 1997). In addition, in species whose germination was phytochrome-regulated, 
temperature alternations reduced the photosensitivity ofseeds and promoted germination 
even under FR (Benvenuti et al. 2001). The fact that high temperatures overcome the R 
requirement for common waterhemp germination may explain why this species was able to 
emerge late during the growing season (Hartzler et al. 1999) when temperature fluctuations 
are great. Therefore, seeds that were not able to germinate during the spring because of the 
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required R treatment in order to break dormancy, will germinate in response to the high 
temperature that overcomes the phytochrome regulation. 
Our results indicate that phytochrome controlled the dormancy level of common 
waterhemp seeds, but temperature may have exerted a more important level of control that 
masked or reduced the phytochrome regulation. Phytochrome regulation of seed dormancy 
has been observed in other Amaranthus species. Gallagher and Cardina (1998a, 1998b) 
demonstrated that the germination of redroot pigweed (Amaranthus retroflexus L., AMARE) 
and smooth pigweed (A. hybridus L., AMACH) was phytochrome-mediated. They found that 
the R requirement was more pronounced at 20 C than at 30 C. In addition, those researchers 
observed that only chilled seeds developed the very low fluence response (VLFR). VLFR is a 
phytochrome-mediated response to R light flashes of less than 1 µmol m 2  of R that is not 
reversed by further exposure to FR. Our conclusions that chilling favored the development of 
photosensitivity in common waterhemp seeds, and that high temperatures diminished the 
phytochrome regulation of dormancy agreed with reports for other Amaranthus species by 
Gallagher and Carding (1998a, 1998b). 
Temperature change or light quality did not affect giant foxtail seed germination. 
However, the germination of chilled seeds was inhibited by FR light (Figure 1). Giant foxtail 
seeds exposed to increasing temperatures also were more sensitive to FR light than those in 
the D treatment showing a clear interaction between light and temperature (Table 2). Thus, 
the germination of the FRI +C was less than 10%; while the rest of the treatments showed 30 
to 45%. Apparently, giant foxtail seed dormancy level was increased by an inhibitory 
phytochrome-mediated response to FR after chilling and this was expressed as a germination 
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reduction. Gallagher and Cardina (1998c) observed that tillage during the day promoted 30% 
higher emergence of giant foxtail seedlings than night tillage. However, Buhler (1997) found 
no differences between light and dark tillage. Therefore, based on the inconsistent results 
observed in field experiments and the limited effect of light quality observed in the present 
study, it seems that the dormancy of giant foxtail seeds maybe somewhat phytochrome 
regulated, but this regulation was not absolute. 
The three species showed different responses to mean temperature (Figure 2). 
Velvetleaf seeds started germinating at 12 C for I treatments and at 36 C for D treatments. 
After two d, the germination of D treatments did not increase significantly and stayed close to 
60%. Meanwhile, under I treatments, germination increased continuously after six d. Light or 
chilling did not affect velvetleaf germination response to temperature (Table 2). The range of 
temperatures at which velvetleaf germinated was consistent with the results of other studies 
(Horowitz and Taylorson 1984; Leon et al. X~'.XX}. 
Light and chilling affected the response of common waterhemp seeds to mean 
temperature. Under the I treatment, the R +C seeds had a low rate of germination at 16 to 20 
C. Germination increased when the temperature reached 24 C, and continued increasing until 
the end of the experiment. Interestingly, under increasing temperatures, the germination of R 
—C and FR +C was promoted until the temperature was 28 C. Therefore, when exposed to the 
I treatment, those treatments required higher temperatures than R +C to germinate. On the 
other hand, when common waterhemp seeds were under the D treatments, only chilled seeds 
germinated at 36 C, and the germination increased further reaching a plateau at 28 C on d 
four. Non-chilled seeds germinated at 28 C, and the germination did not increase after this 
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point. In a different study, we observed that temperature fluctuation reduced the temperature 
at which 50% germination of common waterhemp seeds was achieved (Leon et al. XXXX), 
probably by reducing dormancy. This kind of response has been reported for other species 
(Pritchard et al. 1999). In the present study, the results indicated that R exposure reduced the 
temperature required for chilled common waterhemp seeds to initiate germination. 
C7iant foxtail germinated under a narrower range of temperatures compared to 
velvetleaf. V~hen exposed to I treatments, giant foxtail seeds started germinating at 20 to 24 
C and reached a plateau at 28 C. Similarly, under D treatments, this species germinated at 28 
C and the germination percentage increased until 20 to 24 C. These results confirmed that 
temperatures above 30 C limited the germinability of giant foxtail seeds (Leon et al. X~:XX; 
Taylorson 1982). Furthermore, light or chilling did not influence the response to temperature. 
The results indicated that giant foxtail seed germination is more dependent on the mean 
temperature than light quality or chilling, being the optimum germination at 24 C. 
Reversibility of Phytochrome Regulation of Dormancy Level 
Light and chilling did not affect the germination of giant foxtail and velvetleaf seeds 
(Figure 3}. Both species showed the same germination for chilled and non-chilled seeds, and 
FR did not reduce germination. Velvetleaf dormancy was not Phytochrome-regulated 
(Horowitz and Taylorson 1984; LaCroix and Staniforth 1964). In addition, if giant foxtail 
seed dormancy is somewhat Phytochrome regulated, other factors like temperature change, as 
shown previously, are more important in determining germination. 
Common waterhemp dormancy level was clearly regulated by light quality and 
chilling. Non-chilled seeds did not germinate indicating that chilling was required to reduce 
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the dormancy level and make the seed sensitive to light (Figure 3). The germination of chilled 
seeds was significantly higher in the R-FR-R (29%) treatment and almost doubled the 
germination of R-FR (16%) and R-FR-R-FR (14%) (Figure 3). However, the R treatment was 
not different from the treatment R-FR. Germination of chilled common waterhemp seeds was 
less than half the germination observed in the previous experiment, and the phytochrome 
reversibility was not clearly observed. For that reason, we conducted the same experiment at 
a higher temperature (28 C) and exposed the seeds to longer light treatments (15 min) using 
only chilled seeds. The differences between light treatments were more evident than in the 20 
C experiment with a 5 min light exposure, and germination was greater (Figure 4). The 
germination of treatments ending with a flash of R light was around 55%. Meanwhile, the 
germination of treatments ending with a flash of FR light was 32%. Therefore, we conclude 
that the phytochrome regulation of common waterhemp dormancy level was light reversible. 
Our data demonstrate that light and chilling did not control velvetleaf dormancy level. 
The germination of common waterhemp seeds with low dormancy levels was phytochrome 
regulated and the effect was potentially reversible. Also, we observed that high temperatures 
promoted the germination of chilled common waterhemp seeds even under FR. Therefore, 
temperature was more important than light for dormancy regulation in common waterhemp 
seeds. Finally, FR partially, inhibited giant foxtail germination after chilling, but the 
germination was more consistently affected by mean temperature. 
The results of the present study reflect how interactions between environmental 
factors have a great impact on the germination of some species. These differential responses 
to main environmental factors and their interaction could account for differences across 
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species of seed germination and seedling emergence timing, which represent differences in 
adaptation and survival strategies. Information about how seeds "sense" the environment for 
determining the right time for germination, is critical for designing rational weed control 
strategies like tillage, POS applications, cover crops, mulches, among others. 
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Table 1. Characteristics of red (R) and far-red (FR) light treatments. 
R ~ FR2
µmol m"2 s"1 
PPFD3 132.2 1.6 
Fluence at 660 nm wavelength4 (Red light) 1.7 * 10-2 6.0 * 10"~ 
Fluence at 730 run wavelength4 (Far-Red light) 2.2 * 10-3 3.9 * 10-2
Fluence at 420 nm wavelength4 (Blue light) 1.5 * 10-2 2.2 * 10-̀ ~ 
' R light was provided by white fluorescent bulbs without filters. 
~ FR light was provided by incandescent bulbs filtered by two layers of N° 27 Roscolux film and one layer of N°
83 Roscolux film. 
3 PPFD: photosynthetic photon flux density of the entire light spectrum. 
~ The bandwidth of the fluence measurement for a specific wavelength was 6 nm. 
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Table 2. ANOVA of the temperature and light effect on final germination percentage for 
velvetleaf (ABUTH), common waterhemp (AMATA) and giant foxtail (SETFA) for 
experiment 1. 
Source of variation DF P value 
ABUTH AMATA SETFA 
Block 2 0.0171 0.0001 n.s. 
Experiment Repetition 1 n. s.1 n. s. n. s. 
Light (L) 1 n.s. <0.0001 <0.0001 
Temperature (T) 1 <0.0001 0.0271 0.0167 
Chilling (C) 1 n. s. <0.0001 n. s. 
L * T 1 n. s. 0.0005 0.0209 
T * C 1 n. s. <0.0001 n. s. 
L * C 1 0.0123 0.0003 0.0026 
L * T * C 1 0.0334 0.0026 n.s. 
' n.s.: not significant (a=0.05). 
Figure 1. Germination of chilled (+C) and non-chilled (-C) seeds of velvetleaf (ABUTH), 
common waterhemp (AMATA) and giant foxtail (SETFA) in response to red (R) and far-red 
(FR) light, and decreasing (D) and increasing (I) temperatures. Bars within species with the 
same letter are not significantly different (P<_0.05). 
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Figure 3. Germination of chilled (+C) and non-chilled (-C) seeds of velvetleaf (ABUTH), 
common waterhemp (AMATA) and giant foxtail (SETFA) in response to four different 
sequences of exposure to red (R) and far-red (FR) light. The seeds were exposed to each light 
for 5 min. After the last light flash, the seeds were kept in the dark for 12 d. The seeds were 
maintained at 20 C during the whole experiment. Only common waterhemp showed 
significant differences among treatments. Bars with the same letter are not significantly 
different (P<_0.01). 
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Figure 4. Germination of chilled seeds of common waterhemp (AMATA) in response to four 
different sequences of exposure to red (R) and far-red (FR) light. The seeds were exposed to 
each light for 15 min. After the last light flash, the seeds were kept in the dark during 14 
days. The seeds were maintained at 28 C during the whole experiment. Bars with the same 
letter are not significantly different (P<_0.0001). 
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CHAPTER 4. COMPARING WEED EMERGENCE OF 
ARTIFICIAL AND NATURAL SEED BANKS 
A paper submitted to Weed Science 
Ramon G. Leon and Micheal D. K. Owen 
Abstract 
Temporal changes in weed seed banks, in relation to species composition and 
agricultural management practices, dramatically affect the design and selection of weed 
control strategies. Artificial weed seed banks are very practical for studying seed bank 
depletion and weed seedling emergence because the number of seeds can be arbitrarily 
managed. However, whether or not artificial seed banks are representative of natural seed 
banks is not known. We compared the emergence of velvetleaf, giant foxtail and common 
waterhemp in a natural seed bank, an artificial seed ba:rik with stratified seeds, and an 
artificial seed bank with non-stratified seeds. Treatments did not influence velvetleaf seedling 
emergence or seed viability. However, velvetleaf germination and emergence occurred earlier 
in the natural seed bank than in the artificial seed banks. Differences were also observed in 
the germination and emergence of giant foxtail and common waterhemp between seed bank 
treatments. Giant foxtail emergence was higher in the artificial seed banks (56 to 82%) than 
in the natural seed bank (S to 23%). The stratified seed bank had the highest common 
waterhemp emergence (10 to 19%). The natural seed bank had the highest viability ofnon-
germinated seeds for common waterhemp and giant foxtail. In general, the emergence 
distribution of the three species through time differed in the natural seed bank compared with 
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the artificial seed banks. Differences in emergence timing were attributed to differences in 
soil temperature and soil bulk density between the natural and artificial seed banks. Artificial 
seed banks had lower soil bulk density and greater temperature fluctuation than the natural 
seed bank. However, there was no consistent relationship between growing degree-days 
(GDD) and emergence timing in the three treatments for any of the species studied. 
Introduction 
The majority of weeds that appear every year in agricultural fields come from the seed 
banks of those fields (Cavers 1983). Changes in those seed banks over time are of great 
interest for weed control purposes because those changes are partially responsible for weed 
emergence variations. Today, the idea of depleting a seed bank has generally been 
abandoned, at least for large-scale agroecosystems, but the goal of managing weed seed 
banks and attempting to maintain them at controllable levels has gained support (Buhler et al. 
1997; Buhler 1999; Chandran and Singh 2000). Deciding what control strategies will keep 
seed banks at low levels are more appropriately made if the potential magnitude and timing 
of emergence for the different species can be accurately estimated (Mulugeta and Stoltenberg 
1997a). However, that kind of information is difficult to generate, and considerable 
knowledge about seed bank dynamics and weed biology and ecology is required. 
Artificial seed banks are practical tools because they allow the fate of a known group 
of seeds to be followed over time under different conditions (Qi et al. 1996). Nevertheless, 
the way the soil is disturbed for planting the seeds and how the soil is isolated from the 
natural seed banks (e.g. boxes, pots, nylon mesh bags, rings) can drastically affect how seeds 
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respond to the environment. These responses will not necessarily mimic those of seeds in 
natural seed banks. For example, differences in soil compaction affected germination and 
seedling emergence (Junk and Zhang 1999). In addition, the effects of soil compaction were 
not consistent across species. 
Natural seed banks provide a real scenario of how species behave depending on the 
situations to which they are exposed (Mulugeta and Stoltenberg 1997b), but precise 
demographic studies are not possible because it is very difficult to accurately determine the 
number of seeds present in the soil at different times (Gross 1990). 
Most of the experiments evaluating seed banks over tune and considering factors such 
as seed germination, microbial degradation, predation, and seedling emergence have been 
conducted using artificial seed banks (Taylorson 1970; Meyer and Kitchen 1992; Qi et al. 
1996; Bello et al. 1998; Gallagher and Cardina 1998; Kegode et al. 1998). However, how 
representative the information derived from those experiments is of "real" or "natural" seed 
banks is not known. 
Temperature has been proposed as the most important environmental factor limiting 
weed seed germination in temperate regions. Therefore, temperature has been used to 
describe the emergence potential and distribution of seed banks, depending on the species 
composition (Washitani and Takenaka 1984; Bridges et al. 1989, Carberry and Campbell 
1989; Forcella 1993; Kruk and Benech-Arnold 1998). The simplest approach used to relate 
weed emergence and temperature is the estimation of growing degree-days (GDD), which 
represents the accumulation of energy provided by temperature over time, above a minimum 
requirement for germination or growth of a species (Prostko et al. 1998). However, more 
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elaborate and complex approaches have been used for developing weed emergence prediction 
models (Benech-Arnold et al. 1990; Forcella et al. 2000; Bradford 2002). 
The objectives of this study were to compare weed seedling emergence and seed bank 
depletion during the growing season in artif cial and natural seed banks and to determine if 
the weed emergence response to soil temperature is the same regardless of the seed bank 
type. 
Materials and Methods 
Plant Material and Seed Conditioning 
Velvetleaf, giant foxtail, and common waterhemp seeds were collected directly from 
plants before seed shedding occurred. The collection was conducted from populations in a 
field near Ames, IA, in 1999. The seeds were cleaned and stored under dry and dark 
conditions at 4 C and 40% relative humidity until used. The moisture content (dry weight 
basis) at which the seeds were stored was 6, 7, and 11 %for velvetleaf, giant foxtail and 
common waterhemp, respectively. Tetrazolium (TZ) test (Moore) was conducted to 
determine seed viability that was around 85%for velvetleaf and giant foxtail and 95% for 
common waterhemp. Before use, seeds were either stratified or maintained in dry storage. 
Stratification was done to imitate the cold and wet conditions to which seeds are exposed in 
the field. The stratification was accomplished by placing 500 seeds in 9 cm Petri dishes 
between two wet seed germination blotter papers 1 and adding 15 ml deionized water. The 
Petri dishes were kept at 4 C in the dark for 12 wk. After stratification, the seeds were rinsed 
with deionized water. 
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Artificial and Natural Seed Banks 
The experiment was conducted in the same field from which the seeds were collected, 
near Ames, IA. The soil type was a Nicollet loam (mixed, mesic aquic Hapludoll). The plot 
was chisel plowed in the fall previous to the experiment and then cultivated in the spring one 
week before the experiment was established. 
The soil used for the artificial seed banks was collected from the experiment plot area 
and autoclaved to kill the weed seeds present in the soil. PVC pipes (30 cm in height and 20 
cm in diameter) were used for artificial seed banks. The pipes were buried 20 cm leaving 10 
cm above the soil surface and filled with the autoclaved soil so that the soil within the pipe 
was at the same level as the soil outside the pipe. Two hundred seeds of each species of either 
stratified or non-stratified treatments were mixed with the top 5 cm of soil within the pipe to 
generate a weed population density of 6167 seeds of each species per m 2. This depth was 
chosen because most of the weed seeds emerge from the top 5 cm (MacDonald et al. 1992; 
Benvenuti and Macchia 1997; Kegode et al. 1998). A nylon mesh was buried at 7 cm to 
facilitate seed recovery at the end of the experiment. The natural seed bank consisted of 
marking 1 m 2 area in 2001 and 0.25 m 2 in 2002, adjacent to the PVC pipes. No seeds were 
added to the natural seed bank. No weed control was done in the year previous to experiment 
establishment thus allowing high weed pressure that produced abundant seeds in the natural 
seed bank (Table 1 }. Most of the seeds were in the top 5 cm of soil in the natural seed bank 
(data not shown). 
During the experiment, weeds were growing around the treatment areas; thus, hand 
weeding was conducted to avoid shading and seed rain that could affect the treatments. The 
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experiments were initiated on April 19, 2001 and April 18, 2002, before emergence in the 
natural populations of any of the three species had occurred. The experiment was a 
randomized complete block design with 12 replications. 
Emerged seedlings were counted and removed at least every other d during the first 8 
wk and every 3 d during the rest of the experiment. The experiments were finished on July 
24, 2001 and on July 16, 2002, when no further seedling emergence was observed. 
Soil temperature was monitored at 2.5 ± 0.5 cm depth in the artificial and natural seed 
banks every 10 min using copper-constantan thermocouples and a CR 10X2 Datalogger. Daily 
air temperature and rainfall data were acquired from the Agronomy Farm Weather Station at 
Iowa State University, near Ames, IA. 
Seed Bank Analysis 
After field observations were concluded, the top 7 cm of soil from the stratified and 
non-stratified treatments were collected. In addition, 20, 3 cm diameter cores were taken from 
the natural treatment to a 15 cm depth. The soil cores were separated in five depths (0-2.5, 
2.5-5, 5-7.5, 7.5-10 and 10-15 cm), and the 20 cores of each depth were grouped to form a 
composite sample (Gross 1990). 
Seeds were extracted from the. soil samples using a soil elutriator designed for seed 
extraction (Gross 1990). Preliminary studies showed that the elutriator allowed more than 95, 
90, and 85%recovery for velvetleaf, giant foxtail and common waterhemp seeds, 
respectively. Extracted seeds were then dried and subjected to Unimbibed Seed Crush Test 
(Sawma and Mohler, 2002) and Tetrazolium (TZ) test to determine viability (Moore 1985). 
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In 2002, pipes were established in the field as previously described for determining 
soil bulk density. The area within the pipe was hand weeded. Soil bulk density samples were 
taken using a core of 4.7 cm diameter and sampling to a 5 cm depth from natural sampling 
areas and from pipes at the end of the 2002 experiment. Twelve samples were taken for each 
seed bank type. 
Data Analysis 
In order to relate weed emergence magnitude and timing, the number of d required to 
reach a specific emergence percentage (DP) based on the total emergence at the end of the 
experiment was estimated as described in Equation 1. 
DP = P * 100-1 * L(Db — Da) * (Eb — Ea) 1 ] + Da L 1 ] 
where Da was the last d prior to the desired emergence percent (P) was reached. Ea was the 
observed emergence percentage on Da. Finally, Db was the d when the observed emergence 
percent reached or exceeded P, and Eb was the observed emergence percent on Db. 
In addition, the same equation was used to estimate the number of GDD required to 
reach a specific emergence percentage (GDDP}, as previously described. The temperature 
used for calculating GDD was the soil temperature at 2.5 cm depth, and the base temperature 
was 10 C. In this case, GDD were used as units rather than d, as previously described for 
Equation 1. DP and GDDP were estimated for 10, 25, 50, 75, and 90% emergence and used 
for comparing treatments. 
The total seedling emergence for each species at the end of the experiment was 
calculated based on the number of seeds present in the seed bank at the beginning of the 
experiment. In the artificial seed banks the number of seeds present was known (6167 seeds 
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m -2), but in the natural seed bank, the number of seeds was estimated. For this estimation, it 
was assumed that remains of germinated seeds could not be found in the seed bank soil 
samples, and that most of the germination occurred in the top 5 cm of soil. Therefore, the 
total number of seeds present in the natural seed bank was calculated by adding the recovered 
seeds from the top 5 cm of soil and the number of emerged seedlings. 
Statistical Analysis 
The General Linear Model (GLM) was used to conduct Multivariate Analysis of 
Variance (MANOVA) ([SAS] Statistical Analysis Systems 1995) to compare the emergence 
timing of weed species. For this analysis the Duo, D25, DSo, D75, and D90, as well as GDDIo, 
GDD25, GDDSo, GDD75, and GDD90 were used as variables. The MANOVA allowed the 
comparison of treatments using five emergence timings at once (the five Dp and the five 
GDDp) for each replication. This provided a more valuable comparison than comparing 
emergence timings independently using ANOVA. In 2001, replications of the artificial seed 
banks were lost. Therefore, the data of 2002 were used to adjust the variances of 2001 data 
and conduct a MANOVA with missing data for 2001 only (Kueh12000). Specific t-test 
analyses were also conducted (P<_0.05). Pillars Trace test (Pillai 1955) was used to determine 
differences between treatments. 
The number of viable seeds recovered from the soil seed bank was transformed to the 
square root for the statistical analysis. The General Linear Model (GLM) was used to conduct 
ANOVA to determine differences among treatments. In addition, Tukey's Studentized Range 
test (P<_0.05) was used to determine LSD and separate the treatment means. 
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Results and Discussion 
Soil Temperature 
The daily mean soil temperature at 2.5 cm depth showed a trend similar to the air 
temperature (Figure 1). In addition, the mean soil temperatures in the artificial and natural 
seed banks were similar. However, the difference between the maximum and the minimum 
daily soil temperatures (0T) dramatically differed between the artificial and the natural seed 
banks. The DT in the natural seed bank fluctuated from 5 to 15 C in 2001 and from 5 to 20 C 
in 2002. In the artificial seed bank, DT fluctuated between 5 and 25 C from April to June and 
between 10 and 35 C firom June to July, in 2001. In 2002, the dT of the artificial seed bank 
was between 5 and 25 C during the whole experiment. In general, OT for the artificial seed 
bank was at least 10 C higher than for the natural seed bank. In July 2001, OT was almost 20 
C higher for the artificial than for the natural seed bank. 
The dramatic differences in DT between arti f_acial and natural seed banks were likely due to 
differences in soil physical properties. The soil bulk density of the artificial seed bank was 
0.79 ± 0.14 g cm-3, while that of the natural seed bank was 1.11 ± 0.14 g cm-3. Although the 
soil moisture was not monitored during the experiment, the lighter bulk density for the 
artificial seed bank suggested that the soil water retention was less than in the natural seed 
ba~rik. Thus, the soil of the artificial seed bank dried faster than the natural seed bank, 
reducing soil moisture for seed imbibition and seedling growth and for buffering daily 
temperature fluctuations (Raghavan and McKyes 1978; Jurik and Zhang 1999}. In addition, 
soil aggregates play very important roles in weed seed dormancy and viability changes (Reuss 
et al. 2001). However, soil aggregates were destroyed or reduced in size in the artificial seed 
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banks. Therefore, differences in soil characteristics between the artificial and natural seed 
banks could have affected the emergence and viability of seeds in this research (Pareja and 
Staniforth 1985). 
Seed Bank Depletion 
Both artificial and natural seed banks suffered a significant depletion due to seed 
germination and degradation (Table 2). Soil disturbance promoted seedling emergence and 
seed bank depletion (Mulugeta and Stoltenberg 1997b). The emergence shown by the three 
species was within the range of emergence observed by Forcella et al. (1997) in a large-scale 
study of weed emergence using natural seed banks conducted across the Corn Belt from 1991 
to 1994. Thus, our results did not underestimate or overestimate the seedling emergence 
compared to the emergence observed in agricultural fields. 
Velvetleaf seedling emergence and seed viability did not differ between treatments (Table 
2). In the cases of common waterhemp and giant foxtail, the natural seed banks showed the 
lowest emergence. The stratified artificial seed bank had higher common waterhemp seedling 
emergence compared to the non-stratified artificial seed bank, but giant foxtail emergence did 
not differ between those treatments. The germination of many annual species can be 
stimulated by temperature fluctuation (Boyce et al. 1976; Bello et al. 1998; Ekstam and 
Forseby 1999). Thus, the drastic daily changes in soil temperature that giant foxtail and 
common waterhemp seeds experienced in the artificial seed banks likely stimulated 
germination. Also, stratification of common waterhemp seeds likely reduced dormancy and 
allowed high germination compared to non-stratified seeds (Boyce et al. 1976; Bello et al. 
1998; Pritchard et al. 1999). Increased giant foxtail germination was reported in response to 
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moist stratification (Kegode and Pearce 1998), but this was not observed in the present study. 
However, temperature fluctuation likely stimulated the germination of giant foxtail seeds in 
the artificial seed banks (Leon et al. XXXX). 
In general, the viability of remaining non-germinated common waterhemp and giant foxtail 
seeds was low, but the viability of these species was higher in the natural than the artificial 
seed banks. Velvetleaf seed viability was almost 10 fold higher than the other two species. A 
previous study showed that when under high seed population density and weed-free 
conditions (similar to the present study), the number of giant foxtail seeds in the seed bank 
declined dramatically during the first year (61%), but the decline shown by broadleaf species 
(including velvetlea fl was less than giant foxtail (Buhler 1999). The low viability shown by 
giant foxtail seeds could be due to predation and microbial seed degradation (Buhler et al. 
1997). In addition, the lower viability of common waterhemp and giant foxtail seeds from 
artificial seed banks than from the natural seed bank, could be attributed to several other 
factors. First, the artificial seed banks had relatively higher emergence, leaving fewer viable 
seeds within the soil. Second, the seeds in the artificial seed banks were exposed to higher 
temperatures than in the natural seed bank. Such high temperatures could be harmful for 
imbibed seeds, especially during July (Figure 1). Third, it is also possible that seed predation 
and degradation by insects and microorganisms were higher in the artificial seed banks than 
in the natural seed bank. Finally, we did not determine the number of seeds present in the 
natural seed bank at the beginning of the experiment. It is possible that our calculation of 
total seeds per m~2 (recovered seeds plus emerged seedlings per m"2) may have 
underestimated the number of seeds that were present at the initiation of the experiment. 
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Thus, one would expect a lower viability in the natural seed bank that could account for the 
differences in seed viability between treatments. It is important to mention that the seed bank 
was sampled at the end of the experiment, and no seed rain was allowed. Therefore, under 
normal conditions, the depletion of any of the three seed banks should be less than observed 
here because of the recruitment of new seeds (Buhler 1999). 
Seedling Emergence Timing 
Giant foxtail and velvetleaf emergence started when the soil temperature reached 10 to 15 C 
and peaked when the temperature was close to 20 C (Figure 1). This occurred around the first 
wk of May. However, giant foxtail emergence began one wk later than velvetleaf emergence, 
which indicated that this species requires higher relative temperatures or higher OT for 
germination and emergence than velvetleaf. These results agreed with previous reports of the 
emergence characteristics (Hartzler et al. 1999) and germination temperature requirements 
(Mester and Buhler 1991; Leon and Owen X:~~XX; Leon et al. XXXX). 
Common waterhemp emergence, on the other hand, showed great differences among seed 
bank treatments. For example, the stratified seed bank emergence peaked during the second 
wk of June 2001 and during the first wk of May, like the other species, in 2002. Most 
common waterhemp seedlings emerged during mid-June in the non-stratified seed bank. In 
the natural seed bank, common waterhemp seedling emergence showed awell-defined peak 
consistently during the first wk of May. Thus, common waterhemp emergence timing was 
similar to giant foxtail and velvetleaf. This observation was not expected because common 
waterhemp has been reported as alate-emerging species (Hartzler et al. 1999). One possible 
explanation was that we had a common waterhemp biotype with a trait for earlier emergence 
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than the biotype used by Hartzler et al. (1999). However, this is not very likely because the 
seeds used in the present studies were collected from the same area as those used by Hartzler 
et al. (1999). A second possibility is that there were important differences in the maternal 
effect of the seeds used in the study conducted by Hartzler et al. (1999) and the present study 
that could account for the differences in emergence timing (Kegode and Pearce 1998). The 
third possibility was that different soil and weather conditions were responsible for the 
difference between the studies in emergence timings for common waterhemp. Previous 
studies determined that stratified common waterhemp seeds were able to germinate at 10 C 
when temperature alternation was present (Leon et al. XXXX), but under slowly increasing 
temperature conditions, as in the spring, the germination of common waterhemp seeds 
occurred around 20 C (Leon and Owen XXXX). Thus, it is likely that the dormancy level of 
the seeds used in the present study were different enough from the Hartzler et al. (1999) study 
to cause different emergence characteristics. In any case, variations in emergence responses 
between the artificial and natural seed banks could be due to differences in environmental 
regulation of seed dormancy level. 
Giant foxtail emergence was affected by seed stratification in the artificial seed bank in 
2001 (Figure 1). The stratified seed bank showed delayed emergence compared to the non- 
stratified and natural seed banks. In 2002, both artificial seed banks demonstrated a narrow 
emergence period compared to the natural seed bank in which emergence occurred from late 
April until late June. The non-stratified seed bank had a very narrow emergence period in 
both years. It is important to note that despite the wider emergence period showed by giant 
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foxtail in the natural seed baulk, 50% emergence of the treatments occurred about the same 
time. 
Velvetleaf emergence was delayed for the artificial seed banks compared to the natural seed 
bank (Figure 1). The emergence of the natural seed bank reached 50% at least one wk earlier 
than the artificial seed banks. In 2001, there were no differences in emergence distribution for 
the artificial seed banks, but in 2002, the non-stratified seed bank demonstrated a narrower 
emergence period than the stratified seed bank. However, the emergence peak occurred at the 
same time in both artificial seed banks. 
The giant foxtail and velvetleaf natural seed banks likely had more variation in seed 
dormancy level than the artificial seed banks. The artificial seed banks were prepared with 
seeds from one yr, and the natural seed bank likely was composed of seeds from different yr. 
Variations in dormancy level within the seed bank attributable to different aged seeds can be 
responsible for differences in both the amount and timing of emergence (Buhler 1999; 
Pritchard et al. 1999). 
In the first yr, the artificial common waterhemp seed banks showed the same emergence 
distribution (Figure 1). There was a slow increase in seedling emergence from the middle of 
May, and then an emergence peak in the middle of June. Meanwhile, the emergence of 
common waterhemp seedlings from the natural seed bank was relatively compressed and 
occurred almost a month before the artificial seed banks. In the second yr, the stratified seed 
bank showed the same compressed emergence distribution as the natural seed bank; an 
emergence peak occurred during the first wk in May. However, the non-stratified seed bank 
showed a very wide emergence period from the middle of May to early July. Seeds from the 
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stratified seed bank were subjected to chilling and wet conditions prior to the experiment. In 
the same way, the seeds present in the natural seed bank were exposed to chilling and wet 
conditions in the soil during the spring. Those conditions could reduce the dormancy level of 
common waterhemp seeds, which translated in a reduction of the base temperature for 
germination (Pritchard et al. 1999; Leon et al. ). On the other hand, non-stratified 
seeds required higher temperatures for breaking dormancy, and this favored late emergence 
(Leon and Owen ~:X~:X). what is not clear is why in 2001, common waterhemp showed late 
emergence in the stratified seed bank. One possible explanation was that differences in the 
microenvironment to which the stratified seed bank was exposed in 2001 compared to 2002 
prevented the complete elimination of seed dormancy (Pareja and Staniforth 1985). 
Therefore, higher temperatures occurring later during the growing season were required for 
breaking dormancy and promotion of seedling emergence as in the case of the non-stratified 
seed bank (Leon and Owen X~;XX). 
In order to determine if the emergence timing of the different species could be described 
based on soil temperature, the GDD required for reaching 10, 25, 50, 75 and 90% emergence 
were estimated (Figure 2). In 2001, the three species required less than half the GDD for 
emergence of the natural seed bank compared to the artificial seed banks. During 2002, the 
giant foxtail and velvetleaf seed banks required similar GDD for the first S 0% emergence. 
The non-stratified common waterhemp seed bank required more than 5 times the GDD for 
seedling emergence compared to the other seed banks. One could argue that the seeds of the 
natural seed bank accumulated GDD before the experiment was initiated, and that was why 
the natural seed bank required fewer GDD than the other seed banks. However, that 
~~ 
possibility is not very likely because the soil temperatures were below 10 C (close to 0 C) 
before the experiment was initiated. It is worth noting that within species, the GDD 
requirements for emergence differed between yr. 
The lack of agreement between emergence and GDD between treatments and yr suggests 
that GDD alone is not a good predictor of emergence timing (Forcella 1993; Mulugeta and 
Stoltenberg 1997a). Velvetleaf emergence, however, has been successfully predicted using 
GDD in no-till conditions (Webster et al. 1998). It is likely that the emergence of species 
with less sensitivity to environmental fluctuations can be predicted using less complex 
approaches than species whose seeds change their dormancy level constantly in response to 
those fluctuations (Benech-Arnold et al. 1990). Soil moisture was not monitored in this study, 
but the use of hydrothermal time could be a better way of describing and predicting weed 
emergence (Forcella 1993). The hydrothermal time is a practical way of representing the 
germination or growth rate based on temperature and soil water potential (Forcella et al. 
2000; Bradford 2002). However, whether differences in hydrothermal time could account for 
differences in weed emergence between artificial and natural seed banks is still an open 
question. 
In the present study, we showed that seedling emergence and seed bank depletion of 
artificial seed banks differed from a natural seed bank depending on species and seed 
dormancy level. Furthermore, we showed how large differences in the distribution of the 
emergence during the growing season were generated depending on the seed bank. This was 
more evident in species such as common waterhemp whose changes in seed dormancy are 
very sensitive to environmental fluctuations. All those differences were likely due to the 
~s 
greater soil disturbance suffered by artificial seed banks than by natural seed baulks, which 
affected other factors such as soil moisture and temperature (Raghavan et al. 1978; Parej a and 
Staniforth 1985). 
Artificial seed banks are very useful tools for studying seed bank dynamics. However, 
it is very important to determine if the information to be generated will be used for 
representing a natural situation. Based on our results, for precise studies of weed seedling 
emergence and seed bank depletion, natural weed seed banks are a better option than artificial 
weed seed banks. However, for determining general emergence patterns of species whose 
seed dormancy is not very sensitive to environmental fluctuations, artificial seed banks are 
valuable and practical tools. 
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Table 1. Number of velvetleaf (ABUTH), giant foxtail (SETFA) and common waterhemp 
(AMATA) seeds in the top 5 cm of soil in a natural seed bank, Ames, IA, 2001 and 2002. 
Species Seeds m 2
2001 ~ 2002 
ABUTH 139 528 
SETFA 12866 31501 
AMATA 1813 5 18448 
* Significantly different within species (P<0.05). 
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Table 2. Seedling emergence and seed viability recovered from the soil for velvetleaf 
(ABUTH), giant foxtail (SETFA) and common waterhemp (AMATA) in non-stratified 
artificial, stratified artificial, and natural seed banks, Ames, IA, 2001 and 2002. 
Species Treatment  Emergence) Viability 
2001 2002 2001 2002 
ABUTH Non-Stratified 51 a2 43 a 24a 17a 
Stratified 21a 32a 26a 18a 
Natural 43a 52a 36a 6a 
SETFA Non-Stratified 82a 75a 2a 0.7b 
Stratified 56b 62a 2a 0.6b 
Natural S c 2 3 b 3 a 2 a 
A,MATA Non-Stratified tab 4b O. Sb 6b 
Stratified l0a 19a tab 4b 
Natural 1 b Sb 4a 17a 
' Seedling emergence and seed viability percents were based on the total number of seeds planted in the artificial 
seed banks and on the total number of seeds recovered from the top 5 cm soil plus the number of emerged 
seedlings at the end of the experiment in the natural seed bank. The statistical analysis was conducted on 
transformed data. 
2 Values with the same letter are not significantly different (P>0.05) within species and year. 
Figure 1. Daily air temperature and rainfall, difference between the daily maximum and 
minimum soil temperatures at 2.5 cm depth (TMax — TM;n), daily soil temperature at 2.5 cm 
depth, and seedling emergence of velvetleaf (ABUTH), giant foxtail (SETFA) and common 
waterhemp (AMATA) in a natural, a stratified artif vial, and anon-stratified artificial seed 
bank over time, 2001 and 2002. Emergence distribution of treatments with * * and 
differed at the level of P<0.005, and P<0.0001, respectively, based on Pillars Trace Test. 
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Figure 2. Cumulative growing degree-days (GDD) (base 10 C) required to reach different 
emergence precentages of velvetleaf (ABUTH), giant foxtail (SETFA) and common 
waterhemp (AMATA) in a natural, a stratified artificial, and anon-stratified artificial seed 
bank, 2001 and 2002. GDD required for the emergence of treatments with *, * * and 
differed at the level of P<0.05, P<0.005, and P<0.0001, respectively, based on Pillars Trace 
Test. 
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CHAPTER 5. GENERAL CONCLUSIONS 
Conclusions 
• Temperature plays a very important role in controlling the dormancy level of common 
waterhemp, giant foxtail and velvetleaf seeds. These weeds have a minimum 
temperature below which seed germination cannot occur. Above that temperature, 
germination rate is increased as temperature increases in non-dormant seeds. In 
dormant seeds, increases in temperature can break dormancy and then affect 
germination rate. 
• Heat shock reduced the number of dormant velvetleaf seeds by helping to produce 
cracks in the seed coat that allowed imbibition, gas exchange and germination. 
Chilling did not affect the dormancy level of velvetleaf seeds. 
• Giant foxtail seeds were not affected by chilling. However, the dormancy of the seeds 
was drastically reduced by temperature fluctuation, and increasing the amplitude of 
the temperature fluctuation increased the germination. Furthermore, light quality was 
not important in determining the germination potential of giant foxtail seeds. 
• Common waterhemp seeds depended on stratification for breaking dormancy. After 
exposure to treatments such as chilling, the seeds were highly responsive to other 
environmental factors that acted as cues for germination. For example, after chilling 
common waterhemp seeds demonstrated reduced dormancy level in response to 
temperature fluctuation and increased the number ofnon-dormant seeds, thus 
increasing the germination rate at the same mean temperature. In addition, 
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germination was induced by exposure to red light (660 nm), and this effect was 
reversible by subsequent exposure to far red light (730 nm). Heat shock, as well as 
high temperatures, also reduced the dormancy level of common waterhemp seeds, but 
not as clearly as chilling. Common waterhemp seed dormancy was more dynamic 
than giant foxtail and velvetleaf seed dormancy. 
• Artificial seed banks did not accurately represent variables such as weed seedling 
emergence or depletion of natural seed banks. However, they provided a general idea 
of those variables for species whose seeds were not very sensitive to environmental 
changes. 
• The physical characteristics of the soil in a seed bank had a direct impact on weed 
seedling emergence. 
• The emergence magnitude and timing of the species studied could not be described 
using only soil or air temperature. 
• Soil moisture and temperature were the most important environmental factors that 
controlled common waterhemp, giant foxtail and velvetleaf seedling emergence in the 
field and must be considered together to properly describe the emergence of weed 
species in the field. 
• Plant community dynamics were largely affected by the environmental regulation of 
dormancy and germination of weed seeds in agricultural fields. For example, the 
emergence timing of a species depended on the temperature germination requirements 
of its seeds, and different species had different temperature requirements for 
germination and for breaking dormancy. 
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Recommendations for Future Research 
• In the present study, none of the temperatures evaluated reached the maximum 
temperature for the germination of any of the three species studied. Therefore, it will 
be necessary to conduct germination studies using higher temperatures to determine 
the maximum temperature for germination, temperatures at which secondary 
dormancy is induced, and temperatures that are harmful for the seed embryo. 
• The temperature used for chilling was 4 C. However, there is a possibility that higher 
temperatures are able to also reduce the seed dormancy level of species such as 
common waterhemp. Determining the relationship between chilling temperature and 
exposure duration will allow quantifying the reduction of the number of dormant 
seeds in seed banks more accurately. 
• It is important to evaluate the difference between smooth temperature fluctuations and 
drastic changes in temperature. This information will determine if the effect of 
temperature fluctuation is related to heat shock or to other processes. 
• The use of temperature alone was not sufficient to describe properly the emergence 
characteristics of the weeds studied. Therefore, it is important to determine if the use 
of hydrothermal time will allow that description. This will benefit the designing of 
precise predictive emergence models for those weed species. 
• Common waterhemp seed dormancy was clearly affected by factors such as chilling, 
light exposure, temperature fluctuation and heat shock. For this reason, this species is 
a very good subject for exploring the molecular bases of environmental control of 
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seed dormancy. Abundant information about the mechanisms controlling seed 
dormancy has been generated. However, very Little is known about how those 
mechanisms are influenced or modified by environmental signals. Therefore, studying 
this kind of dormancy regulation in common waterhemp will allow the generation of 
more appropriate control strategies and will link the developmental programs and 
environmental responses that are present in the seed that determine the transition from 
dormancy to germination. 
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